GmNAC30 and GmNAC81 integrate the endoplasmic reticulum stress-and osmotic stress-induced cell death responses through a vacuolar processing enzyme Prolonged endoplasmic reticulum and osmotic stress synergistically activate the stress-induced N-rich protein-mediated signaling that transduces a cell death signal by inducing GmNAC81 (GmNAC6) in soybean. To identify novel regulators of the stress-induced programmed cell death (PCD) response, we screened a two-hybrid library for partners of GmNAC81. We discovered another member of the NAC (NAM-ATAF1,2-CUC2) family, GmNAC30, which binds to GmNAC81 in the nucleus of plant cells to coordinately regulate common target promoters that harbor the core cis-regulatory element TGTG [TGC] . We found that GmNAC81 and GmNAC30 can function either as transcriptional repressors or activators and cooperate to enhance the transcriptional regulation of common target promoters, suggesting that heterodimerization may be required for the full regulation of gene expression. Accordingly, GmNAC81 and GmNAC30 display overlapping expression profiles in response to multiple environmental and developmental stimuli. Consistent with a role in PCD, GmNAC81 and GmNAC30 bind in vivo to and transactivate hydrolytic enzyme promoters in soybean protoplasts. A GmNAC81/GmNAC30 binding site is located in the promoter of the caspase-1-like vacuolar processing enzyme (VPE) gene, which is involved in PCD in plants. We demonstrated that the expression of GmNAC81 and GmNAC30 fully transactivates the VPE gene in soybean protoplasts and that this transactivation was associated with an increase in caspase-1-like activity. Collectively, our results indicate that the stress-induced GmNAC30 cooperates with GmNAC81 to activate PCD through the induction of the cell death executioner VPE.
NAC transcriptional factors | cell death signaling | abiotic stresses | ER stress T he NAC (NAM-ATAF1,2-CUC2) domain-containing proteins constitute a large family of plant-specific transcription factors (TF) that is represented by at least 151 members in Oryza sativa, 126 members in Arabidopsis thaliana, and 153 members in Glycine max (1, 2) . The NAC proteins are highly conserved in their N termini, which bind specifically to target DNA through a unique type of TF fold consisting of a twisted six-stranded β-sheet that is surrounded by a few helical elements (3) . Their Cterminal regions are divergent in sequence and length and function as activators or repressors of transcription (4, 5) . Biological functions involved in development and in the stress response have been assigned to the members of this family (6, 7) . A growing body of evidence has demonstrated a pivotal role for the NAC genes in the regulation of developmental programmed leaf senescence and programmed cell death. Several NAC genes from different species have been shown to be highly expressed during leaf senescence and to play a pivotal role in leaf senescence (8) . In soybean, at least three NAC genes are associated with senescence (9) . A subset of these senescence-induced GmNAC has emerged as regulators of stress-induced senescence and cell death (9, 10) . Among these genes, the soybean GmNAC6 [Glyma12g02540.1, recently designated GmNAC081
(1)] potentially integrates multiple stress signaling pathways into a programmed cell death (PCD) response (10) .
GmNAC6, hereafter designated GmNAC81 for standardization with the literature (1), has been identified as a component of the endoplasmic reticulum (ER) stress-and osmotic stressinduced cell death response, which is mediated by the N-rich proteins (NRP) in soybean, which harbors a development and cell death domain (DCD) at the C terminus (10, 11) . The NRP/ DCD-mediated signaling pathway integrates a cell death signal generated from prolonged ER and osmotic stress into a synergistic and convergent response (11, 12) . The current model for this integrative pathway states that, under stress conditions, GmERD15, an ER stress-and osmotic stress-induced transcriptional activator, up-regulates NRP/DCD expression, which in turn induces GmNAC81 to promote a cell death response resembling a PCD event (10, 11, 13) . Accordingly, the overexpression of either NRP/DCD or GmNAC81 in soybean protoplasts induces caspase-3-like activity and promotes extensive DNA fragmentation. Furthermore, the transient expression of NRP/DCD or GmNAC81 (GmNAC6) in planta causes leaf yellowing, chlorophyll loss, malondialdehyde production, and the induction of senescence marker genes, which are hallmarks of leaf senescence.
As a branch of the ER stress response that connects with other environmentally induced responses, the stress-induced NRP/ DCD-mediated cell death signaling pathway may allow for the versatile adaptation of cells to different stresses (14) . Accordingly, the modulation of this pathway by the constitutive expression of Significance An endoplasmic reticulum stress-and osmotic stress-induced cell death pathway has emerged as a relevant adaptive response of plant cells to multiple environmental stimuli. We identified a unique component of this integrated circuit of stress-induced cell death, the GmNAC30 transcriptional factor, which binds to GmNAC81 in the nucleus of plant cells to coordinately regulate the expression of the vacuolar processing enzyme, a plant-specific executioner of cell death. In addition to describing a plant-specific endoplasmic reticulum stress cell death response that communicates with other environmental stimuli, the study deciphered the regulation of vacuolar processing enzyme expression that has been shown to be involved in several events of cell death in plants.
the ER molecular chaperone binding protein (BiP) has been shown to promote a better adaptation of transgenic lines to drought (15, 16) . Despite its conceptual relevance in plant adaptation to adverse conditions, several key players of this stressinduced signaling pathway are unknown, and the molecular events downstream of GmNAC81 remain to be determined. Here, we isolated an NAC domain-containing protein from soybean, GmNAC30, by its capacity to bind to GmNAC81 in yeast. We showed that GmNAC81 and GmNAC30 interact with each other in vitro and in vivo, bind to common cis-regulatory sequences in target promoters, and synergistically regulate these target genes. One such target gene, the vacuolar processing enzyme (VPE), may be responsible for the execution of the cell death program that is induced by ER and osmotic stress.
Results
Identification of GmNAC30, a Unique Soybean NAC Domain-Containing TF, as a GmNAC81-Specific Interactor. To identify the potential targets of GmNAC81 in the N-rich-mediated cell death response, we screened a soybean cDNA library (13) with the full-length GmNAC81 ORF as bait. From ∼5 × 10 5 clones that were screened, three positive clones harbored cDNA fragments from the soybean gene GmNAC30 (previously designated GmNAC32 by ref. 17) . We confirmed that GmNAC81 was able to interact with the fulllength GmNAC30 protein in yeast (Fig. S1 ).
There are six predicted homologs of GmNAC30 in the soybean genome (76-63% sequence identity) that cluster together in a phylogenetic tree of soybean NAC domain-containing proteins ( Fig. S1D ) and are most closely related to the ATAF group of the NAC family from Arabidopsis (Fig. S1E) . The deduced protein sequence of GmNAC30 displays a highly conserved NAC domain in the N terminus, which is divided into the five NAC subdomains (A-E) of conserved blocks (Fig. S1F) (18) . Consistent with the presence of a predicted nuclear localization signal within the GmNAC30 D subdomain (Fig. S1F, in red) , the fluorescence of a GmNAC30-GFP fusion protein was concentrated in the nucleus of electroporated soybean protoplasts that were also stained with the nuclear marker, DAPI (Fig. S2A ). GmNAC81 has also been localized to the nucleus (9) .
We next used the bimolecular fluorescence complementation (BiFC) assay to determine whether GmNAC81 and GmNAC30 would interact in the nucleus of plant cells. The complementation of the fluorescent YFP fragments that were mediated by the interaction between GmNAC30 and GmNAC81 was detected in the nuclei of transfected leaf protoplasts coincident with the DAPI signal (Fig. 1A, a and b) . Additionally, the formation of a GmNAC81-GmNAC30 complex occurred in vivo independent of the orientation of the GmNAC81 or GmNAC30 fusions (N terminus or C terminus of YFP) (Fig. 1A, c and d) , and the reconstituted fluorescent signal was much higher than the background levels (control panels with combination of the protein fusions with empty vectors) (Fig. S2D ). The accumulation of the GmNAC81 and GmNAC30 transcripts in the protoplasts that were electroporated with different combinations of the constructs was confirmed by quantitative RT-PCR (qRT-PCR) (Fig. S2 E and F). Collectively, these results indicate that GmNAC81 interacts with GmNAC30 in the nucleus of plant cells.
To investigate whether GmNAC30 harbors a functional transactivator domain, the full-length GmNAC30 coding region was fused to the binding domain of GAL4 (BD-GAL4) and expressed as a fusion protein in a yeast strain harboring the reporter genes HIS3 and lacZ (β-galactosidase) under the control of the GAL1 promoter. We also included in the assay GmNAC35 (GmNAC2 in ref. 9 ) and NIG [an unrelated Arabidopsis protein that exhibits transactivation activity in yeast (19) ] as positive controls and the full-length GmNAC81 as a negative control (9) . The expression of BD-GAL4 fused to GmNAC30 promoted the growth of yeast in the absence of histidine and in the presence of 3-aminotriazole ( Fig. S2B ) and induced lacZ expression as measured by β-galactosidase activity (Fig. S2C ). These results demonstrate that GmNAC30 exhibits transactivation activity in yeast and are consistent with the presence of the v-conserved transactivation motif EVQSDEPKW in its transcriptional activation region (TAR) (Fig. S1F ). As previously demonstrated, the fulllength GmNAC81 fused to BD-GAL4 was not able to activate histidine/adenine auxotrophy ( Fig. S2B ) or induce high levels of β-galactosidase expression (Fig. S2C) ; however, the expression of its carboxyl domain promoted the transactivation of the reporter genes in yeast (Fig. S2B ). These results also confirmed previous observations that the N-terminal region of some NAC domain-containing proteins interferes negatively with the transactivation activity in their C terminus, because the deletion of their N terminus renders the BD-fused truncated protein a potent transactivator in yeast (20, 21) . With such a potential conformational hindrance, GmNAC81 may depend on specific interactions with other transfactors to activate their target genes as heterodimers, which favors the argument that the interaction of GmNAC81 and GmNAC30 may be biologically relevant.
As a GmNAC81-Specific Partner, GmNAC30 May Act as a Downstream Target of the Osmotic Stress-and ER Stress-Induced N-Rich-Mediated Cell Death Signaling Pathway. The NRP-mediated signaling pathway has been shown to integrate and transduce a cell death signal that was derived from prolonged ER and osmotic stress (14) . Upon activation, NRPs trigger a signaling cascade that culminates with the enhanced expression of GmNAC81 to promote a programmed cell death response (10) . As a putative downstream component of the ER stress-and osmotic stressintegrating signaling pathway, we compared the expression of GmNAC30 and GmNAC81 under conditions that activate this specific cell death program (Fig. 2) . We also monitored the expression of NRP-B, another member of the ER stress-and osmotic stress-induced cell death signaling pathway, as additional evidence for the activation of the cell death program. Controls for the effectiveness of the osmotic stress treatment, such as the seed maturation protein (SMP), and the ER stress treatment, such as calnexin and BiP, were also included in the assay. As with the transcripts of GmNAC81 and NRP-B, the treatment of soybean seedlings with the osmotic stress-inducer polyethylene glycol (PEG) and the ER stress-inducer tunicamycin (which blocks protein glycosylation in the organelle) induced the accumulation of the GmNAC30 transcript ( Fig. 2 A  and B) . Similarly, the treatment of soybean cells with cycloheximide, a potent inducer of cell death in soybean protoplasts, strongly up-regulated GmNAC30 gene expression, indicating that GmNAC30 may be involved in the cell death events (Fig.  2C) (10, 11) . This interpretation was further confirmed by applying the TUNEL assay for the in situ detection of DNA fragmentation in the GmNAC30-expressing protoplasts (Fig. 2E) . The extensive cleavage of nuclear DNA into oligonucleosomesized fragments is one feature of active cell death (PCD). The nuclei of the control cells that were transformed with the empty vector fluoresced intensely with DAPI and exhibited only TUNEL-negative nuclei. In contrast, the GmNAC30-expressing samples had TUNEL-positive nuclei that showed the same degree of staining as the DNase-treated positive controls and the GmNAC81-or NRP-B-expressing protoplasts (Fig. S3) . These results suggest that GmNAC30 promotes cell death when it is transiently expressed in protoplasts and displays a pattern of expression similar to that of GmNAC81 and NRPs, which are components of the osmotic stress-and ER stress-induced cell death signaling pathway. We have recently demonstrated that the transient expression of NRP-A or NRP-B in leaf protoplasts activates the GmNAC81 promoter and induces the accumulation of GmNAC81 transcripts (10). Here we showed that the overexpression of GmNRP-A or GmNRP-B in leaf protoplasts also caused a significant increase in GmNAC30 transcript accumulation (Fig. 2D) . Collectively, these results favor the argument that GmNAC30, as a GmNAC81 partner, acts downstream of the NRPs in the stress-induced cell death signaling pathway.
GmNAC81 and GmNAC30 Bind in Vivo to Common Target Promoters
and Regulate the Expression of the Target Genes. To identify the potential target promoters of GmNAC30 and GmNAC81, we used a small-scale ChIP sequencing assay in which the precipitated DNA from individual GmNAC81-or GmNAC30-expressing tissues were cloned and sequenced. From 25 sequences targeted by each TF, we found 17 common sequences that mapped to the 5′ transcriptional regulatory regions of soybean genes (Table  S1 ). The expression of these genes was monitored by qRT-PCR in soybean protoplasts that were electroporated with 35S:GmNAC30 or 35S:GmNAC81. Both GmNAC30 and GmNAC81 were efficiently expressed in the transfected soybean protoplasts (Fig.  S4 A and B) . The transient expression of either GmNAC81 or GmNAC30 promoted a significant induction of genes encoding a dual specificity protein phosphatase, a predicted endo-1,3-β-glucanase, a D-alanyl-D-alanine carboxypeptidase, and a Cdc2-related protein kinase, in addition to inducing Gm20g22140 expression (Fig. S4 C-G) , but did not alter the expression of the negative control gene AT5G05800 (Fig. S4H) . The expression of GmNAC81 and GmNAC30 down-regulated the expression of another subset of the selected genes (Fig. S5) , indicating that GmNAC81 and GmNAC30 may coordinately function as both activators and repressors of gene expression in soybean. (Fig. 3) . The accumulation of the GmNAC81 and GmNAC30 transcripts in the electroporated protoplasts was confirmed by qRT-PCR (Fig.  S4I) . The results of transactivation or repression are shown by Fig. 2 . GmNAC30 may be a downstream component of the ER stress-and osmotic stress-induced NRP-mediated cell death signaling pathway. (A-C) GmNAC30 is induced by osmotic stress, ER stress, and cell death inducers. The soybean seedlings were treated with the osmotic stress-inducer PEG for 10 h (A), the ER stress-inducer tunicamycin for 16 h (B), or the cell death-inducer cycloheximide (C ) for 6 h and 12 h, and the expression of the indicated genes was monitored by qRT-PCR. The gene expression was calculated using the 2 −ΔCT method and the RNA helicase as an endogenous control. GmSMP is a seed-maturation protein that was used as a control for the PEG treatment. GmCNX (calnexin) and GmBiPD (binding protein) are ER markers. GmNAC81 and GmNRP-B are components of the ER stress-and osmotic stressintegrating cell death pathway. The values are given as the mean ± confidence interval of three independent experiments. The asterisks indicate significant differences from the controls by the t test at P ≤ 0.05. (D) GmNRP-A and GmNRP-B induce the expression of the GmNAC30 gene. The plasmids containing the GmNRP-A and GmNRP-B expression cassettes or the empty vector were electroporated into the soybean protoplasts, and the gene expression of the GmNAC genes was monitored by qRT-PCR as in A-C. (E) DNA fragmentation was promoted by GmNAC30 expression. The cells were sampled 36 h postelectroporation of the soybean protoplasts with the empty vector and GmNAC30 expression cassettes, and submitted to TUNEL labeling. As a positive control, the untransfected cells were also treated with DNase. The nuclei were stained with DAPI. The magnification was 1.3-fold higher than in Fig. 1A. β-galactosidase activity (Fig. 3 A and B) , as well as by the quantitation of the reporter GUS transcript accumulation (Fig. 3C) . Consistent with the gene-expression profile, GmNAC81 and GmNAC30 specifically activated and repressed the ACPase (carboxypeptidase) promoter and ACC promoter, respectively. The expression of an unrelated TF from the MyB family, At5G05800, did not target either NAC-regulated promoter. The cotransfection of the soybean protoplasts with both GmNAC81 and GmNAC30 promoted an enhanced activation of the ACPase promoter (Fig. 3  A and C) , as well as an increased repression of the ACC promoter (Fig. 3 B and C) compared with the regulation of the gene reporters by the individual expression of the transfactors. Collectively, these results indicate that GmNAC81 and GmNAC30 function as transcriptional activators or repressors of common target genes that require both transfactors for full regulation. Therefore, GmNAC81 and GmNAC30 may form a heterodimer to coordinately regulate common target promoters.
Our data suggest that GmNAC81 and GmNAC30 may form homo-or heterodimers to regulate target promoters in planta. Nevertheless, in yeast the transactivation activity of full-length GmNAC81 was impaired, suggesting that GmNAC81 activity may require heterodimerization with GmNAC30. In fact, expression of GmNAC81 or GmNAC30 separately in soybean protoplasts led to the induction of the other TF partner providing the means for heterodimerization (Fig. S4J) . To examine this hypothesis further, we transiently expressed GmNAC30 and GmNAC81 in Nicotiana benthamiana leaves and checked all possible combinations by coimmunoprecipitation assays (Fig.  1B) . These TFs could form homo-and heterodimers in vivo, but nevertheless the GmNAC30/GmNAC81 complex signal was stronger, suggesting a higher affinity for the heterodimer interactions. These results complemented our promoter transactivation assay data, which revealed a stronger NAC-mediated target promoter regulation when both TFs were provided in trans (Fig. 3) .
The sequences that were coimmunoprecipitated by the ChIP assay share the consensus sequence TGTGTT, which was found as a derivative form (TGTGT[T/G/C]) in GmNAC81-and GmNAC30-regulated promoters. Except for the serine/ threonine protein kinase and nonspecific serine/threonine protein kinase promoters, which do not harbor a derivative consensus sequence, the core consensus sequence was found in all other common target genes within 1-to 2-kb 5′ flanking sequences (Table S1 ). The relative proximity of the putative cis-element to the promoter core of the NAC-regulated genes suggests that the consensus sequence functions as a specific binding site for GmNAC81 and GmNAC30. To confirm this hypothesis, we examined whether Escherichia coli-produced and -purified GmNAC81 and GmNAC30 were able to bind to the consensus sequence in vitro (Fig. 3D) . Both purified GSTGmNAC81 and GST-GmNAC30 bound to the labeled probe harboring directly repeated TGTGTT core sequences, but not to a mutated sequence in which both Gs were replaced by Cs. A GST-purified protein did not bind to the core consensus sequence, confirming that the in vitro DNA:protein complex formation was caused by interactions between the NAC TFs and the core consensus sequence. These interactions were specific because a 100-fold molar excess of unlabeled probe efficiently competed for the binding. Collectively, these results demonstrate that both GmNAC81 and GmNAC30 bind specifically to the core consensus sequence TGTGTT.
GmNAC81 and GmNAC30 Transactivate the Expression of the VPE.
The repertoire of genes that are up-regulated by GmNAC81 and GmNAC30 and were detected by the ChIP assay includes predominantly hydrolytic enzymes (carboxypeptidase, phosphatase, and glucanase) that may be involved in plant PCD. A plantspecific strategy for PCD consists of the up-regulation of a variety of vacuolar hydrolytic enzymes that may be released into the cytosol to hydrolyze organelles and nuclear DNA, leading to cell death (22) . The VPE has been shown to trigger vacuolar collapse-mediated PCD in pathogenesis and development (23, 24) . The VPE family in soybean is represented by five homologs. Except for the Glyma17g34900 promoter, which does not harbor a GmNAC81/GmNAC30 binding site, the remaining VPE promoters contain one to three copies of the cis-regulatory element. These observations prompted us to examine whether GmNAC81 and GmNAC30 could control VPE expression in soybean protoplasts. We first examined whether GmNAC81 and GmNAC30 bind to a VPE promoter (Glyma14g10620) in vivo. We performed ChIP experiments in which a TGTGTT-containing fragment of the VPE promoter was amplified from the precipitated DNA of individual GmNAC81-or GmNAC30-expressing tissues, but not from the precipitated DNA of GFP-expressing tissues (Fig. 4A) . Then, we used a luciferase transactivation assay in agroinfiltrated tobacco leaves and we showed that GmNAC81 and GmNAC30 transactivated the VPE promoter fused to the reporter luciferase (Fig. 4B) . Furthermore, the ectopic expression of either GmNAC81 or GmNAC30 strongly induced the expression of the VPE gene Glyma14g10620 (Fig. 4C ) and the up-regulation of the soybean VPE homolog was associated with a 2.5-to 3.0-fold higher expression of caspase-1 activity (Fig. 4D) . The inclusion of a caspase-1-specific inhibitor reduced the enzyme activity to basal levels. We also demonstrated that GmNAC81 overexpression in three independently transformed soybean lines (Fig. S6A ) led to induction of GmNAC30 (Fig. S6B ) and was associated with an induction of VPE expression (Fig. S6C ) and an increase in caspase-1 activity (Fig. S6D ). Given that VPE is a key executioner of cell death in plant cells, the presence of a GmNAC81/GmNAC30 binding site in the VPE promoter, along with the capacity of the TFs to directly transactivate its expression, suggest that GmNCA81/GmNAC30 and VPE constitute a regulatory cascade for stress-induced cell death in soybean.
Discussion

GmNAC30 as a Downstream Component of the NRP-Mediated Cell
Death Signaling Pathway. In this study, we characterized another member of the NAC domain-containing proteins of plant-specific transfactors, GmNAC30, as a possible component of the ER stress-and osmotic stress-induced NRP-mediated cell death signaling pathway. Our hypothesis that GmNAC30 functions in this stress-induced cell death-integrated circuit is supported by the following observations. First, GmNAC30 was identified by its capacity to bind to GmNAC81, a downstream component of the signaling pathway, in the nucleus of plant cells. Second, like GmNAC81, GmNAC30 is induced by ER and osmotic stress with similar kinetics, and is also induced by the ectopic expression of NRP-A and NRP-B. Third, like GmNAC81, GmNAC30 is up-regulated by the cell death-inducer cycloheximide and promotes cell death when it is transiently expressed in soybean protoplasts. Fourth, as evidenced by the ChIP assay, GmNAC30 and GmNAC81 were found to bind in vivo to common target promoters and regulate their expression in a coordinated manner. The target promoters were regulated by the individual expression of each TF, but they required both TFs for their full induction or repression. Finally, GmNAC81 and GmNAC30 are coordinately regulated by multiple environmental and developmental stimuli, as would be expected for TFs that act in concert as heterodimers to regulate gene expression.
GmNAC30 and GMNAC81 Bind in Vivo to Common Target Promoters and Function as Repressors or Activators of Gene Expression. In general, NAC domain-containing proteins have been described as repressors or activators of gene expression (4, 5) . For example, Arabidopsis ATAF1 and ATAF2 act as transcriptional repressors of genes involved in pathogenesis, whereas OsNAC6, a rice ortholog of ATAF1, is a positive contributor to disease resistance and salinity tolerance (25) (26) (27) . Contrasting results have been reported for ATAF1 in drought tolerance, as it may function as a positive or negative regulator (27, 28) . Our data revealed that GmNAC81 and GmNAC30 are capable of suppressing or activating transcription through the coordinated action on common target promoters. GmNAC81 and GmNAC30 specifically bind in vitro to the core DNA binding element TGTG[T/G/C] and in vivo to TGTG[T/G/C]-containing promoters. Furthermore, the GmNAC81-or GmNAC30-mediated transactivation or repression of the target promoters is enhanced when both TFs are provided in trans. These results indicate that these TFs may bind to their target promoters as heterodimers. Consistent with this interpretation, we showed that, although GmNAC81 and GmNAC30 could form homo-and heterodimers in vivo by coimmunoprecipitation, the immunosignals of the GmNAC30/GmNAC81 complex were stronger than the homodimer signals, suggesting more affinity and stability of heterodimers.
Further supporting this hypothesis, we demonstrated that GmNAC81 interacts with GmNAC30 in the nucleus of transfected cells. The heterodimerization of these TFs may explain their ability to repress or activate gene expression through the same core DNA binding sequence. It has been shown in a yeast one-hybrid assay that the conformational interactions between the N-terminal NAC domain harboring a NAC repression domain (NARD) and the C-terminal TAR of NAC proteins are crucial for their activating or repressing activities (5) (see also Caspase-1-like activity was determined from GmNAC81-and GmNAC30-expressing protoplasts in the absence and presence of a specific competitor. The asterisks indicate significant differences by the t test at P ≤ 0.05 (n = 3).
commentary to Fig. S2 ). The current model for the transcriptional repressing or activating function of NAC proteins holds that the strength of a NARD function over a TAR function, or vice versa, renders the NAC protein as a repressor or activator. According to this model, the capacity of GmNAC81 and GmNAC30 to function as transcriptional repressors or activators would depend on the conformational assembly of these TFs at their binding site. Different assemblies could be driven by the homoor heterodimerization of GmNAC30 and GmNAC81, as well as by the promoter context that would provide different stabilization contacts for the DNA:protein interaction.
GmNAC30
Cooperates with GmNAC81 to Induce PCD via the Activation of VPE. Since the discovery of the stress-induced NRP-mediated cell death signaling pathway, which integrates a PCD signal derived from prolonged ER and osmotic stress, the progress toward the elucidation of the components and activation mechanisms of the pathway has been limited (14) . The stress-induced NRP-mediated cell death signaling pathway has been shown to induce a cell death response, with the hallmarks of leaf senescence and PCD (10, 11) . Apart from the knowledge that NRPs induce the expression of GmNAC81, a regulator of the cell death response, the events downstream of GmNAC81 that could account for the execution of the cell death program are totally unknown. In the present investigation, in addition to describing GmNAC30 as a molecular partner of GmNAC81, we identified the downstream targets of this interaction. Significantly, we showed that GmNAC81 and GmNAC30 induce the expression of caspase-1-like VPE, underlying a mechanism for the execution of the ER stress-and osmotic-stress induced cell death program (Fig. S6E ). In this model, prolonged ER and osmotic stress induce the expression of the transcriptional activator GmERD15 to target the NRP promoter. The up-regulation of NRPs leads to the induction of GmNAC81 and GmNAC30, which cooperate with each other to activate the VPE promoter and expression. VPE was originally identified as a vacuolar enzyme responsible for the maturation of seed-storage proteins and various vacuolar proteins (29) . VPE was then associated with the Tobacco mosaic virus-induced hypersensitive cell death and, more recently, with developmental PCD (22, 23) . VPE is a cysteine protease that exhibits caspase-1-like activity and cleaves a peptide bond at the C-terminal side of asparagine and aspartic acid (22) . Because VPE acts as a processing enzyme to activate various vacuolar proteins, it has been proposed that VPE might also convert inactive hydrolytic enzymes to their active forms, which are involved in the disintegration of vacuoles, initiating the proteolytic cascade in plant PCD. As vacuole-triggered PCD is unique to plants, it is not surprising that a stress-induced plant-specific signal transduction pathway serves as a regulatory circuit leading to the activation of VPE.
Materials and Methods
A detailed description of materials and methods is provided in SI Materials and Methods.
Plasmid Construction, Yeast Two-Hybrid Screening, and Transactivation Assays in Yeast. The recombinant plasmids were obtained through the GATEWAY system (Invitrogen Life Technologies). The two-hybrid screening and transactivation assays in yeast cells we performed as described previously (13) .
Transient Expression in Protoplasts and qRT-PCR. The protoplasts were prepared directly from soybean leaves and the transient expression assays were performed by the electroporation (250 V, 250 μF) as previously described (11) . The subcellular localization of GFP fusions and BiFC assays were examined by confocal microscopy. See Table S2 for primers used.
ChIP Assay. The ChIP assay was performed using a chromatin immunoprecipitation kit (Imprint ChIP kit; Sigma), according to the manufacturer's instructions.
EMSA. The EMSAs were performed as previously described (13) .
